Increases in movement variability have previously been observed to be a hallmark property of cooraination changes between coupled oscillators that occur as movement frequency is scaled. Prior research on the walk-run transition in human locomotion has also demonstrated increases in variability around the transition region, supporting predictions of nonequilibrium phase transitions (Diedrich & Warren, 1995) . The current study examined the coordinative patterns of both intra-and inter-limb couplings around the walk-run transition using two different temporal manipulations of locomotor velocity as a control parameter in healthy young participants (N = 11). Coordination variability did not increase before the transition. The nature of the change in continuous relative phase variability between gait modes was coupling-specific, and varying the time spent at each velocity did not have an overall effect on gait transition dynamics. Lower extremity inter-limb coordination dynamics were more sensitive to changes in treadmill velocity than intra-limb coordination. The results demonstrate the complexity of segmental coordination change in human locomotion, and question the applicability of dynamical bimanual coordination models to human gait transitions.
the transition, they are not solely responsible for the gait transition. For example, when walking at different grades on a treadmill, humans transition to a run while it is still economically more efficient to remain in a walking mode (Minetti et al., 1994 ). It appears that influences causing a gait transition are more complicated than a single triggering mechanism.
Recently researchers have begun to examine walk-to-run transitions using a dynamical systems perspective. This perspective views gait transitions as a bifurcation from one attractor to another, in which loss of stability of one mode is a critical factor underlying these transitions. Variability in kinematic measures has emerged as an important variable by which to describe coordinative changes, as well as stability of coordinative patterns. As a coordinative pattern loses stability, the variability measures will increase. The stability of coordinative patterns has been quantified by relative phase variability. Relative phase is a measure of the relationship (phasing) between two coupled limbs, joints, or segments in a phase plane, typically the position-velocity phase plane in biological measures (Kelso, 1995) . Variability of relative phase measures has been equated to system stability when examining the motions of coupled oscillators, and may be more sensitive to measuring differences in variability patterns than traditional biomechanical measures. Specifically, increased variability (and the corresponding decreased stability) has been found to be a characteristic feature of transitions between coordination patterns in a bimanual finger paradigm (Kelso, 1995) . A model created by Haken, Kelso, and Bunz (the HKB model) was used to describe the nature of the transition between two fingers from an anti-phase to in-phase relationship as cadence was systematically increased by a metronome (Haken et al., 1985) . The goal of the task was to maintain an in-phase relationship as long as possible while cadence increased before switching to an anti-phase relationship. Kelso and colleagues noted an increased continuous relative phase (CRP) variability as the participant approached the transition region, followed by a decrease in CRP variability immediately after, as the system (defined by the two fingers) "settled into" its new mode. It has been hypothesized that similar behaviors will be observed during the transition from a walk to a run in humans.
In the literature on human gait transition, however, there are conflicting results regarding intra-limb relative phase variability change during the transition from a walk to a run. Diedrich and Warren (1995) reported an increase in discrete relative phase (DRP) variability when transitioning from a walk to a run. This finding is consistent with predictions by the HKB model (Haken et al., 1985) . More specifically, Diedrich and Warren found a significant increase in DRP variability for their hip-ankle coupling as participants approached the transition speed. DRP variability decreased after the transition region for the knee-ankle coupling during a steadystate protocol. In a later study, however, Kao and colleagues (2003) did not observe such trends between walking and running coordination variability for the same intra-limb couplings. Kao et al. (2003) used a CRP measure and they observed a greater CRP variability for running when compared to walking for both hip-ankle and knee-ankle couplings. Contrary to Diedrich and Warren, however, there were no changes in CRP variability within each speed mode.
Besides the use of different relative phase measures, another possible difference between the Diedrich and Warren (1995) and Kao et al. (2003) studies is related to the nature of the transition protocol. Diedrich and Warren used steady-state trials in which participants were forced to walk or run at different speeds. Kao et al. increased speed systematically from low to high at intervals of 7 s. Schöner and Kelso (1988) have shown that the nature of fluctuations and variability during the transition period can be determined by the relationship of different time scales. These time scales reflect local and global relaxation times as well as time intervals of control parameter change.
Another potential criticism of gait transition literature to date is that previous gait transition studies have focused only on changes in intra-limb coordination. Other investigations have highlighted the importance of inter-limb coordination during human locomotion studies. A study by Haddad and colleagues (in press) revealed that inter-limb coordination patterns changed to a greater degree than intra-limb coordination patterns with an applied leg load. During an experiment in which asymmetry was induced by having human participants gallop and run at their preferred speed, Whitall and Caldwell (1992) also observed greater differences in inter-limb coordination than intra-limb coordination when comparing the two gait modes. The empirical differences observed between inter-limb and intra-limb coordination may have an underlying neurological cause. Most current central pattern generator (CPG) models assume that inter-limb coordination during walking is achieved by some combination of "burst generators," or unit CPGs that comprise the make-up of a more central CPG (Lacquaniti et al., 1999) . It is hypothesized that coordinative control results from minimal active tuning due to afferent feedback mechanisms. Since the legs act in a cooperative manner during locomotion, and the behavior of each limb during locomotion is dependent on the spatio-temporal behavior of the other (Dietz, 2002) , we would be remiss if we did not consider inter-limb coordination along with intra-limb coordination when studying gait transitions.
The purpose of the current study was to investigate coordination variability in the gait transition region at different velocity step intervals over multiple segmental inter-and intra-limb couplings. If changes in CRP variability follow the changes predicted by the HKB model, we would expect to observe an increase in CRP variability near the transition region as the walking mode loses stability. Further, as treadmill velocity increases after the walk to run transition, we would expect to see a decrease in CRP variability, which will represent a stabilization of the running mode. We would expect to observe these changes in variability for all inter-and intra-limb couplings examined. A second major focus of the study was to examine the effect of time scales on CRP variability during the transition from a walk to a run. According to Schöner and Kelso (1988) , both the data collection interval and the time spent at each velocity can affect the nature of transition dynamics and coordination variability of lower extremity phase dynamics. Therefore, the differences between 7-s and 20-s data collection times on otherwise identical gait transition protocols were also examined.
Methods

Participants
Data were collected on 11 young adults (6 males, 5 females) who were 26.1 (± 2.33, SD) years old, 171.8 (± 9.9) cm tall, and weighed 69.5 (± 9.0) kg. All participants were free of lower extremity injury that may have compromised their performance in this study. Computation of the sample size estimate was conducted using statistical power analysis (Primer), which gave nine participants with α = 0.05 and statistical power set at 0.8. Informed consent and completion of a physical activity questionnaire was obtained from each participant, and all protocols were approved by the University of Massachusetts Amherst Human Subjects Institutional Review Board.
Experimental Setup
Three-dimensional kinematic data were collected using six MC240 cameras (Qualysis AB, Gothenburg, Sweden) sampling at 100 Hz and interfaced to a microcomputer. Participants walked or ran on a motorized treadmill (Frappier Accelerations, Inc.; AMTI) that was instrumented with a tachometer, and was also interfaced to the same microcomputer as the cameras. Treadmill belt velocities were also confirmed using a hand-held tachometer.
Protocol
Rigid triads, with passive reflective markers, were placed bilaterally on the thigh, leg, and heel and were used for all locomotion trials. Additional passive reflective markers were attached to anatomical locations at the space between the fifth lumbar and first sacral vertebrae (L5S1), and bilaterally at the following bony landmarks: anterior superior iliac spine (ASIS), greater trochanter, iliac crest (ILCR, directly superior to the trochanters), medial/lateral knee joint centers, medial/lateral malleoli, and first and fifth metatarsal heads. These single markers were only used in the calibration frame to determine the locations of the hip, knee, and ankle joint centers. To control for potential effects of footwear, all participants wore the same model running shoes that were provided by the lab. To familiarize participants with treadmill locomotion, participants walked and ran at 4-5 random treadmill velocities for 5 min, which included both the minimum and maximum velocities that would be experienced during the trials.
Upon completion of the familiarization period, participants were asked to start walking at the lowest treadmill velocity. The treadmill velocity started at 1.3 m/s and was systematically increased in increments of 0.1 m/s to 3.3 m/s. Participants were instructed to transition from a walk to a run when they felt comfortable doing so. Two protocols were followed and the order was randomized for each participant. For the first protocol (7 s), each treadmill speed was maintained for 10 s, and kinematic data were recorded for the last 7 s. For the second protocol (20 s), each speed lasted 30 s before it was incremented, and kinematic data were recorded for the last 20 s. Participants were allowed to rest between protocols to eliminate any possible fatigue effects.
Data Reduction
Data were tracked using Qualysis Track Manager software. Visual 3D motion analysis software (C-motion) was used to calculate 3D joint and segmental angles. All subsequent processing of data was accomplished using custom MATLAB software (MathWorks, Inc., Natick, MA). Ten trials of data were analyzed for each condition: five speeds before and five speeds after each participant's walk-run transition speed were determined based on kinematic differences (e.g., a flight phase in running), and as many complete stride cycles as possible (heel strike to heel strike) were analyzed within each trial. Since participants were given an opportunity to reach steady-state locomotion during the trials before data collection began, the transition from walk to run (labeled "T" in all figures and tables) occurred between data collection trials. Therefore, all velocities prior to the gait transition (i.e., walking velocities) are assigned incrementally negative values of between T-0.1 and T-0.5 m/s, with T-0.1 defined as the walking velocity achieved by the participant before he/she felt it necessary to transition to a running gait. Similarly, all velocities after the gait transition (i.e., running velocities) were assigned incrementally positive values of between T+0.1 and T+0.5 m/s, with T+0.1 being the slowest speed at which the participants started running.
The kinematic data were filtered using a recursive, low pass, fourth order Butterworth filter. The cut-off frequency was chosen using a residual analysis algorithm (Winter, 1990) . To maintain a constant cut-off for all of the segments, the average suggested cut-off for all segments, 10 Hz, was used.
Sagittal plane segmental (absolute) angles relative to a right horizontal were calculated bilaterally for the thigh, leg, and foot. Segmental angular velocities were calculated using a first central difference method. The time series of each segmental angle and angular velocity was assessed on a stride-by-stride basis and interpolated to 100% of stride using a cubic spline function. Figure 1 demonstrates the process by which continuous relative phase was calculated. Using the position and angular velocity of the sagittal plane angles, phase planes were then normalized to a unit circle to correct for both amplitude and frequency differences between the segments (Peters et al., 2003 ) ( Figure  1A ). Next, phase angles were calculated using the arctangent function of the normalized position and velocity time series. CRP was calculated for the following couplings: inter-segmental couplings of the thigh-thigh, leg-leg, and foot-foot, while intra-segmental couplings included thigh-leg and leg-foot. A convention of proximal minus distal segment was used for calculation of intralimb couplings (e.g., right thigh-leg coupling), right minus left for inter-limb couplings (e.g., [right thigh] -[left thigh] = thigh-thigh coupling). To account for phase discontinuities in the final CRP measure, the absolute value of the phase angles was determined, resulting in the range of the final CRP measure being between 0 and 180°.
CRP variability was calculated as the average stride-to-stride standard deviation of the CRP measurements within one trial for each participant. This withinparticipant average resulted from averaging between all stride cycles first, followed by taking the average across the stride cycle (including stance and swing phases). This resulted in one variability value for the within-participant CRP variability. These within-participant averages of CRP variability were then averaged across participants, and the resulting between-participant average of within-participant CRP variability was reported at each velocity for both time scale conditions for all couplings. Henceforth in this article, the term "average CRP variability" will denote the result of the above calculations.
Statistics
A two-way (treadmill velocity × time scale) repeated measures analysis of variance (ANOVA) was used to analyze differences between CRP variability for all couplings examined using SAS version 9.1 (SAS Institute, Inc., Cary, NC). In addition, pre-transition and post-transition velocities were grouped into walking Figure 1-Graphical overview of the process by which continuous relative phase (CRP) was calculated from post-processed kinematic data, using the right thigh-leg coupling as an example. (A) Position-velocity phase plots were created for the entire normalized stride cycle, based on segmental angle and angular velocity. These phase plane data were then normalized to a unit circle based on maximum joint angle and angular velocity values. (B) Phase plane data were then converted to phase angle data for every point along the stance phase. Data presented here were corrected to adjust for discontinuities due to quadrant crossing during the phase plane calculations, and so are expressed between 0 and 180°. (C) These right thigh phase angles were subtracted from the right leg phase angles to form the right thigh-leg CRP values for each point along the normalized stride cycle. CRP variability was defined as the stride-to-stride standard deviation for all strides within a participant for all participants within each treadmill speed.
and running modes, respectively. The walking mode was defined by the grouping of the five pre-transition velocities (e.g., T-0.5 to T-0.1 m/s, Figures 3 and 5), and the running mode was defined as the five post-transition velocities (e.g., T+0.1 to T+0.5 m/s, Figures 3 and 5). Tukey's pair-wise comparisons were used to assess the differences between the 10 velocities, as well as between the two modes. An a priori alpha level of α = .05 was set as statistically significant for these paired comparisons.
To supplement the interpretation of statistical results, effect sizes were also calculated between the modes defined above. Effect size is a calculation used to assess the practical importance of a difference between means, and is estimated as the difference between two means over the pooled variance. Cohen and colleagues (Cohen, 1988) have proposed that effect sizes in the range of 0.2-0.5 represent small differences, in the 0.5-0.8 range represent moderate differences, and when greater than 0.8, represent large practical differences. Further, effect sizes greater than 0.5 have been deemed clinically significant by the same group when comparing two means within biological systems (Cohen, 1988) .
Results
Intra-Limb Coordination Variability
To provide insight into the nature of the relative phase and variability changes that occurred over the stride cycle as treadmill velocity increased, the time-series plots of intra-limb CRP patterns are provided in Figure 2 . The data in Figure 2 represent average CRP data (solid lines) ± between-participant average of within-participant CRP variability data (dashed lines) at each of four treadmill velocities during the 20-s data collection time. We chose to display four treadmill velocities, two before the transition (i.e., during walking), and two velocities after the transition (i.e., during running), to demonstrate how the relative phase and variability patterns changed around the transition region.
For the intra-limb couplings, only the right side CRP pattern data are shown (Figure 2 ), since the left side couplings followed nearly identical patterns. The key intra-limb CRP pattern changes occurred between gait modes (i.e., above and below the thick horizontal solid line in Figure 2 ). These differences occurred primarily during the stance phase, especially for the thigh-leg coupling, in which the swing phase CRP is more similar across velocities. For the leg-foot coupling, the lowest CRP values occurred around toe-off (around 60% of gait cycle for walking mode, 40% for running mode, indicated by the diamonds in Figure 2 ), and swing phase CRP patterns demonstrated lower overall variability than did stance phase patterns. Further, gait patterns were similar across velocities within a gait mode for both couplings, but the change in CRP patterns between walking and running modes (pre-and post-transition) seemed to be more abrupt for the leg-foot coupling. Figure 3 illustrates the results for all within-participant intra-limb variability couplings. For left thigh-leg intra-limb CRP variability ( Figure 3A) , there was no interaction between velocity and time scale (p = .58), nor was there a significant effect of time scale (p = .59). Overall, there was a significant main effect for velocity (p < .001). Post hoc paired comparisons also revealed that CRP variability for the first three post-transition running velocities was significantly greater than during all walking velocities. Post hoc comparisons also revealed that the CRP variability during the middle three walking velocities (T-0.4, T-0.3, and T-0.2 m/s, Figure 3A ) was significantly lower than all running velocities. These findings were confirmed when all walking velocities were collapsed to yield an average CRP variability for the entire walking mode, and all running velocities were collapsed to yield an overall average running mode. Post hoc paired comparisons revealed significant differences between modes, as well as a large effect size (p < .05, ES = 1.13, see Table 1 ). For the right thigh-leg intra-limb CRP variability ( Figure 3B ), there was no interaction between velocity and time scale (p = .58). Overall, there were main effects for both velocity (p < .001) and time scale (p = .03). Paired comparisons revealed that, when collapsed across treadmill velocity, CRP variability was significantly greater for the longer time scale. Post hoc paired comparisons also revealed that CRP variability for the first three running velocities (T+0.1 to T+0.3) was significantly greater than all walking velocities, and that CRP variability for the third and fourth walking velocities (T-0.3 and T-0.2 m/s, Figure 3A) were significantly less than all running velocities. This finding was confirmed when all walking velocities were collapsed to yield a walking mode, and all running velocities were collapsed to yield an overall running mode. Post hoc paired comparisons revealed significant differences between modes, as well as a large effect size (p < .05, ES = 1.06, see Table 1 ). Neither treadmill velocity (p = .241), nor time scale (p = .882), nor mode (p = .351) affected left leg-foot CRP variability during the transition from a walk to a run ( Figure 3C ), and no significant interaction was observed between treadmill velocity and time scale (p = .810). The same patterns were observed for right leg-foot CRP variability ( Figure 3D ): no significant interaction was observed between treadmill velocity and time scale (p = .516), and no main effects were observed for treadmill velocity (p = .632), time scale (p = .208), or mode (p = .922). These results indicate that the leg-foot segmental coupling maintained constant variability throughout all permutations of time scale, treadmill velocity, and gait mode.
Inter-Limb Coordination Variability
The time-series plots of inter-limb CRP patterns are provided in Figure 4 to provide insight into the nature of the relative phase and variability changes that occurred over the stride cycle as treadmill velocity increased. As can be seen in Figure 4 , all inter-limb couplings examined exhibited similar relative phase evolutions with increased treadmill velocities. Overall, the thigh-thigh and leg-leg inter-limb couplings demonstrated movements away from anti-phase (180°) as speed increased, especially at the highest running speed. The foot-foot coupling, however, demonstrated a shift towards anti-phase as treadmill speed increases. Figure 5 illustrates the CRP variability results for all inter-limb couplings. For the thigh-thigh inter-limb CRP variability ( Figure 5A ), there was no interaction between velocity and time scale (p = .0614). Overall, there were main effects for both velocity (p < .001) and time scale (p = .012). Post hoc analyses revealed that the CRP variability for the first post-transition treadmill velocity (T+0.1) was significantly greater than all pre-transition velocities, and that there was no significant difference between the first post-transition speed and all other post-transition velocities. When all CRP variability measures were combined into a walking and Note. Mean CRP variability data are presented as mean (SD), and Tukey HSD paired comparisons were set at a significance level of p < .05 (ns = not significant at the α = 0.05 level). Effect sizes are considered moderate between 0.2-0.8, large if they are greater than 0.8, and clinically significant if greater than 0.5 (Cohen, 1988) .
running mode, Tukey HSD range tests revealed that the mean CRP variability for the running mode was significantly higher than for the walking mode, with a large effect size (p < .05, ES = 0.81, Table 1 ). There was no interaction effect between velocity and time scale for CRP variability in the leg-leg coupling (p = .855), nor was there a main effect for time scale (p = .234) ( Figure 5B ). There was a main effect for velocity (p = .016). Tukey pair-wise comparisons revealed that the CRP variability for the first post-transition (T+0.1) treadmill velocity was significantly greater than all pre-transition velocities at the α = .05 level, and that there was no significant difference between the first post-transition speed and all other post-transition velocities. Also, CRP variability for the second and third walking velocities (T-0.4 and T-0.3 m/s, Figure 5 .B) was significantly lower than the CRP variability for all running velocities. When all CRP variability measures were combined into walking and running modes, Tukey HSD range tests revealed a significant difference between modes, as well as a large effect size (p < .05, ES = 1.0, Table 1 ). There was no interaction between velocity and time scale (p = .30) for the foot-foot inter-limb CRP variability ( Figure 5C ), nor was there a main effect of time scale (p = .08). Overall, there was a main effect of velocity (p < .001). Tukey pair-wise comparisons revealed that the foot-foot CRP variability was significantly greater at the two slowest walking treadmill velocities (T-0.4 and T-0.5) than at the fastest running velocity (T+0.5). Contrary to the two more proximal inter-limb couplings, foot-foot CRP variability decreased as treadmill velocity increased. When all CRP variability measures from pre-transition speeds were combined into a walking mode, and all CRP variability measures from pre-transition speeds were combined into a running mode, Tukey HSD range tests revealed a significantly lower variability in the running mode as well as a moderate effect size (p < .05, ES = 0.51, Table 1 ).
Discussion
The purpose of this study was to investigate coordination variability around the walk to run transition region for multiple inter-and intra-limb lower extremity segmental couplings. While significant differences existed between walking and running modes for all but two couplings, no variability changes within the walking or running modes were observed for all couplings examined. Further, results indicated that the nature of the CRP variability change between gait modes depended on the coupling examined. Specifically, we found that (a) CRP variability increased as participants transitioned from a walk to a run for both right and left thigh-leg couplings (Figure 3) , as well as the thigh-thigh and leg-leg couplings ( Figure 5) ; (b) CRP variability did not change between modes for both left and right leg-foot couplings ( Figure 3) ; and (c) CRP variability decreased as participants transitioned from a walk to a run for the foot-foot coupling ( Figure 5 ).
Another major purpose of this study was to address the effect of different time scales of control parameter change on CRP variability during the walk to run transition. Overall, manipulation of these time scales did not affect transition dynamics or CRP variability around the transition region. Time scale did have a significant effect on CRP variability magnitude for both the right thigh-leg coupling ( Figure  3B ) and the thigh-thigh coupling ( Figure 5A ), with the 20-s time scale associated with a higher CRP variability than the 7-s time scale for both couplings, but these effects were not consistent across couplings, and the overall nature of the coordinative variability around the transition region was not affected.
Comparison to the HKB Model
The purpose of our study was to investigate coordination variability around the walk to run transition region for multiple lower extremity segmental couplings. We hypothesized that if lower extremity gait changes occurred in a fashion predicted by the HKB model, we would observe a destabilization of the walking mode, which would be indicated by increased CRP variability at the higher walking velocities. As can be observed in Figures 3 and 5 , our results indicate that CRP variability did not change significantly during walking velocities. Post hoc comparisons revealed that the middle-range walking velocities (T-0.3 and T-0.2 m/s, Figure 3A -B) were significantly lower than all running velocities for the right and left thigh-leg segmental couplings. While this observation supports the idea of an optimization within the walking mode (van Emmerik & Wagenaar, 1996) , there was no evidence of walking mode destabilization prior to the transition between gait modes. Such a destabilization would have presented itself in the form of a significant increase in CRP variability within the walking mode, before the transition between gait modes.
We also hypothesized that, in accordance with the HKB model, the running mode CRP variability would decrease quickly and return to a level of CRP variability similar to or lower than those of the initial walking velocities. We found that the nature of the CRP variability change between modes depended on the coupling examined. Our results indicate that when CRP variability did increase significantly, it did so during the first running velocity after the walking mode. More importantly, the CRP variability remained at the higher level throughout the running mode for these same couplings, so a re-stabilization of CRP variability was not observed in the running mode. These trends were observed in both right and left thigh-leg couplings, as well as in the thigh-thigh and leg-leg couplings.
However, we also observed that CRP variability for the foot-foot coupling decreased significantly as velocity increased, resulting in a significant decrease in CRP variability between modes ( Figure 5 and Table 1 ). Although this decreased variability in foot-foot coordination for running supports predictions of the HKB model, there was no increase in CRP variability around the transition from walking to running. Instead, the nature of the variability change from walking to running is more gradual (see Figure 5C ), a pattern that can also be seen in the relative phase patterns themselves (see Figures 2 and 4) . These more gradual relative phase patterns have been observed previously for upper body coordination (van Emmerik & Wagenaar, 1996) . Perhaps the decrease in foot-foot variability as treadmill velocity increases is a natural reflection of the inter-limb constraints placed on the lower extremity system during treadmill running. In other words, the foot-foot CRP variability may be decreasing due to the increase in velocity combined with the balance requirement of maintaining an upright posture during the support phase of the gait cycle throughout all treadmill velocities. In response to the need to satisfy this overarching system requirement while the treadmill velocity was increased, the coordination of the other inter-limb and intra-limb couplings became more or less variable as needed.
The HKB model has been previously applied to inter-limb coordination between two fingers, and showed an increased CRP variability as the participant approached the transition region, followed by a decrease in CRP variability immediately after, as the system (defined by the two fingers) "settled into" its new mode. Authors who have previously studied the gait transition region have stipulated that the same principles should apply to intra-limb variability (Diedrich & Warren, 1995; Kao et al., 2003) . Our observations that there was no destabilization of the walking mode, that the CRP variability increase occurs after the transition, and that there were no significant CRP differences within gait modes, do not support the use of the HKB model in modeling inter-limb or intra-limb CRP variability during the walk to run transition. Our findings agree with those of Kao and colleagues (Kao et al., 2003) , who concluded that intra-limb coordination variability during the walk to run transition could not be predicted using the HKB model. Our resulting CRP variabilities were smaller in magnitude due to our use of segment angles (Kao et al. analyzed CRP using joint angles), and we captured a wider range of velocities around the gait transition (velocity increments of 0.1 m/s; Kao et al. used increments of 0.05 m/s, and analyzed a range of ± 0.25 m/s around the transition). Even though the segmental angle CRP was smaller in magnitude, which lead to tighter (lower magnitude) CRP variability, our bilateral leg-foot intra-limb segmental couplings showed identical results to Kao et al. with regard to CRP variability: specifically, gait mode did not have a significant effect on CRP variability. And, while we did not replicate the hip-ankle coupling used by Kao et al. in our calculations, results of the hip-ankle CRP variability did resemble our inter-limb foot-foot coupling (Table 1) , in which the running mode had a significantly lower CRP variability than the walking mode.
Our findings are contradictory to the conclusions of Diedrich and Warren (1995) . Methodological differences between our protocol and theirs include the calculation of discrete relative phase (DRP) variability instead of CRP variability for analyzing intra-limb variability, as well as their use of joint angles (see above). The major difference between our methods and those of Diedrich and Warren, however, lies in the lack of continuous, systematic velocity increases throughout both the walk and run modes during their steady-state trials. Diedrich and Warren did determine the gait transition using a continuous collection protocol; however, the information collected around the actual gait transition was limited to one stride per velocity as treadmill velocity increased, so information about the DRP variability around the physical walk-run transition was unavailable. During their steady-state trials, which were collected during a separate data collection session, intra-limb DRP and DRP variability were determined separately for each gait mode as participants approached the transition region from both modes. While their steady-state protocol was thorough in that it examined gait variability for each gait mode as the participants approached and passed through the estimated transition region (based on leg length and treadmill velocity), we submit (as do Kao et al.) that this protocol does not capture the true nature of the gait transition, as the control parameter manipulation in their steady-state trials did not allow the emergence of a new gait mode.
The protocol used by Kao and colleagues, as well as within the current study, more closely mimicked the protocol of the bi-manual finger coordination experiment used by Kelso (1995) , from which the HKB model assumptions were derived. As with Kelso's protocol, the participant had to choose the point at which they felt it necessary to transition from one mode to another as the control parameter increased. While Diedrich and Warren admit that their methodology could have attenuated differences observed in DRP variability during the walk-run transition, this criticism should be a major point when considering the protocol used by Diedrich and Warren, which has been regarded as the hallmark paper in support of using the HKB model to predict gait transitions.
Within-and Between-Limb Coordination
Our study extended beyond the capabilities of Kao et al. and other gait transition studies in that bilateral lower extremity data were collected, and lower extremity segmental angles were processed instead of joint angles. Bilateral limb collection allowed us to assess CRP variability for bilateral intra-limb couplings, as well as inter-limb couplings around the gait transition region. The use of segmental angles allows for easier detection of differences that do exist (i.e., greater sensitivity), and also facilitated between-limb comparison. For example, our greatest standard deviation for intra-limb CRP variability was 1.59° (Table 1) , while the lowest standard deviation reported by Kao and colleagues was 6.3°.
Previous literature suggests that lower extremity inter-limb coordination is more sensitive to control parameter perturbation than intra-limb coordination (Haddad et al., in press; Whitall & Caldwell, 1992) . Our data seem to qualitatively agree with this observation, based on changes in CRP amplitude and curve shape as treadmill speed is increased (e.g., the solid lines in Figure 4 seem more sensitive to control parameter change than in Figure 2 ). Our results add to a growing body of literature that suggests inter-limb couplings are more sensitive to dynamic gait perturbations than intra-limb couplings, and future studies should examine this relationship in lower extremity coordination patterns around the gait transition.
Further, inter-limb coordination variability (dashed lines in Figure 4 ) appears to be lower than intra-limb variability (dashed lines in Figure 2 ), regardless of treadmill velocity. This observed trend may indicate that CRP variability is also more sensitive to control parameter adjustments. At the very least, our results indicate that lower extremity coordination surrounding the walk to run transition is more complicated than bimanual finger coordination. Whereas bimanual finger coordination involves two segments moving in-phase or anti-phase as the control parameter is adjusted, lower extremity coordination during locomotion involves a multi-segmental system with additional constraints of maintaining an upright posture against the force of gravity, and the changes in coordination variability of each component of this system as the treadmill velocity is adjusted were coupling-specific.
Time Scale Differences
Another major purpose of this study addressed the effect of different time scales on CRP variability during the walk to run transition. In this study, we varied the time over which the control parameter, locomotor speed, was held constant (i.e., 7 and 20 s) before it was increased again. Overall, the manipulation of time scale did not affect the nature of the coordination variability changes around the walk-run transition. The exceptions to this general finding were significant effects for time scales for two couplings: the right side thigh-leg intra-limb coupling (Figure 3) , and the thigh-thigh inter-limb coupling ( Figure 5 ). In these two couplings, CRP variability was higher for 20-s time scale, and followed similar trends.
We explored these potential differences further by matching the number of strides analyzed between time scales. Specifically, we chose to match the number of strides from the 7-s time scale to the same number of strides at the end of the 20-s time scale. We found that the adjustment had no effect on the CRP variability differences between collection times, for any coupling.
According to Schöner and Kelso, the nature of fluctuations and variability during the transition period is dependent upon the relationship of different time scales (Schöner & Kelso, 1988) . In our study, we did not observe critical fluctuations and enhanced variability before the transition, as would have been demonstrated by increases in lower extremity coordination variability around the walk-run transition region with the manipulation of treadmill velocity. It is possible that the degree of stochastic perturbations to the coordinative system during locomotion is much greater than observed in bimanual coordination. In this case the attractor stability of the walking and running modes may also be much weaker compared to in-phase and anti-phase coordination between symmetrical finger oscillations. Neither time scale of control parameter change used in the current experiment (7 s and 20 s) resulted in enhanced variability before the transition. It may be, therefore, that the stochastic perturbations occur at a time scale significantly less than those used for the control parameter change.
Other explanations for the absence of critical fluctuations around the transition are more mechanical in nature. It is possible that the constraint of maintaining upright support against gravity during gait may be a critical factor as to why gait does not become unstable with corresponding critical fluctuations and enhanced variability around the walk-run transition. These more global stability constraints do not exist in the bimanual coordination paradigm. Therefore, even though the attractor mode for walking may have become less stable as treadmill velocity increased, the additional system requirement of maintaining an upright posture against gravity during both modes of locomotion may have prevented a full destabilization of the walking and running modes.
A possible explanation for the observed differences in CRP variability during the running mode for the two control parameter durations (see Figures 3B and D , Figures 5A-C) is that the longer time allowed for more exploratory behavior while running on the treadmill, which resulted in higher average CRP variability. In postural control studies, higher center of pressure variability in a healthy population has been interpreted as a healthy, potentially exploratory behavior (van Emmerik & van Wegen, 2000) . Under more dynamic conditions such as during locomotion, increases in variability of several gait measures are typically associated with disability or decreased performance (van Emmerik & van Wegen, 2000) . Several authors, however, have challenged the relationship between coordination variability and gait stability (Hamill et al., 1999; van Emmerik, et al., 1999; Li, 2000) . While the relationship between coordination variability and stability has yet to be determined during gait transitions, these authors do agree that coordination variability is a necessary part of healthy human movement and movement adaptations (van Emmerik & van Wegen, 2000) .
Conclusions
Our data provide further evidence, in agreement with Kao and colleagues (2003) , that the HKB model is an inappropriate model to use when modeling inter-limb or intra-limb gait variability. Contrary to the predictions of the HKB model, there was no destabilization of the walking mode, and CRP variability did not increase around the walk-run transition region. Also of note is the fact that different lower extremity segmental couplings responded differently to increasing treadmill velocities, which suggests that coordination of the lower extremities is much more complicated than bimanual finger coordination. In addition, we found no overall effect for time scale in the coordinative variability of two couplings. Finally, our data add to a growing body of literature that suggest that inter-limb coordination may be more sensitive to perturbations than intra-limb coordination, an observation which will prove useful in further research on gait coordination. Future research should employ strategies to exploit the inter-limb coordination sensitivity during gait perturbations, and could potentially explore the effects of side dominance.
